Diabetes mellitus affects at least 171 million people worldwide, and this number is expected to increase to 366 million by the year 2030. Diabetic retinopathy (DR) is a common complication of diabetes and affects more than up to 93 million people worldwide. [1, 2] In India, over 62 million people are diagnosed with diabetes, [3] and the prevalence of DR in an urban population has been reported to be as high as 18%. [4] Both DR and diabetic macular edema (DME) affect the quality of life of a patient. Using the 25-item National Eye Institute Visual Function Questionnaire-25, Hariprasad et al., [5] found that patients with Type 2 diabetes and DME had lower scores compared to control groups with DR only.
Screening for DR and DME is essential to detect early features and ensure timely intervention. Besides traditional fundus photography, newer technologies such as widefield imaging and optical coherence tomography (OCT) are now being utilized to detect and evaluate diabetic eye disease. In addition, the wide variety of treatment now available for DME requires more intensive monitoring of treatment outcomes. As a result, ocular imaging modalities will play increasingly important roles in the management of patients with diabetes. This paper will review some of the advanced imaging modalities used in the management of diabetic eye diseases.
Color Fundus Photography
For many years, conventional color fundus photography (CFP) has been the main method of evaluating the posterior pole. The classic fundus camera used × 2.5 magnification with a 30° field of view (Zeiss FF, Carl Zeiss Meditec, Dublin, CA, USA). Newer fundus cameras can capture between 30° and 55° fields of view of the retina in a single image. [6, 7] By taking steered images, it is possible to cover a wider region of the retina, including the optic disc, macula, vascular arcades, and the region temporal to the macula, which can cover a 75° field of view. This formed the basis of the Early Treatment Diabetic Retinopathy Study (ETDRS) grading system, [6, 8] where a 13-level severity scale [9] was developed and modified from the Airlie House classification. [6, 8] DR was classified into categories ranging from no retinopathy to severe vitreous hemorrhage.
Multiple steered images require a clinician or grader to evaluate each field on its own, and then synthesize this into an overall severity assessment for each eye. This limitation can be overcome by combining the images into a montage. A montage image, however, may have shadows or artifacts at the boundaries where the various images overlap, which could potentially mask real pathology or obscure real lesions.
Ultra-widefield Color Fundus Photography
The limitations of conventional CFP have been addressed by the introduction of ultra-widefield (UWF) imaging devices such as the Optos 200Tx, Optos Daytona, or the Optos California (Optos Plc, Dunfermline, UK), which can image up to 200° of the retina in a single image [ Fig. 1 ]. [10] With the use of steered images, even larger regions of the retina can be visualized and then combined.
Several prospective studies comparing UWF CFP with ETDRS 7-standard field images have reported a very good correlation between both imaging modalities. In a study of 103 patients, [11] Silva et al. reported that the severity of DR matched in 84% of cases. When agreement within one level was evaluated, the agreement increased to 91% respectively, giving a weighted kappa of 0.85. The frequency of exact agreement between UWF CFP and ETDRS imaging for macular edema was 79%, with a weighted kappa of 0.66. UWF color photos, however, have been shown to demonstrate more peripheral pathology which was not seen on standard ETDRS photos [ Fig. 1 ]. Silva et al., [12] reported that the use of UWF CFP increased identification of DR (38.4% vs. 33.8%, P = 0.0053) and vision-threatening DR (14.5% vs. 11.9%, P = 0.0257) compared to nonmydriatic fundus photography. In addition, the peripheral retinal lesions located outside the ETDRS 7-standard fields resulted in a more severe assessment of the level of DR in 9% of patients, including identification of neovascularization elsewhere (NVE) that were not seen on ETDRS fundus photography. [12] It has also been reported that a third of hemorrhages or microaneurysms, intraretinal microvascular abnormality and NVE were located predominantly outside the ETDRS standard fields. [13] The peripheral lesions detected using UWF CFP have potential prognostic significance. In a study of 100 patients, [14] Silva et al., compared eyes with DR lesion located more centrally, and eyes that had predominantly peripheral lesions (PPL), defined as eyes where >50% of the lesion being graded was located in the peripheral field compared to the modified ETDRS field. Patients with PPL had increased the risk of DR progression over 4 years, which was independent of baseline DR severity or HbA1c levels. In addition, eyes with PPL had a 3.2-fold increased risk of ≥2 step DR progression (34% vs. 11%) and 4.7-fold increased risk for progression to proliferative DR (PDR) (25% vs. 6%). A greater extent of PRL substantially increased the risk of DR progression and progression to PDR, especially for eyes with less severe DR at baseline.
In addition to the ability to detect more retinal pathology, it has also been shown that the acquisition time using UWF imaging is significantly shorter compared to ETDRS 7-standard field photography (170 s vs. 370 s, respectively). [11, 12] 
Fundus Fluorescein Angiography
Fluorescein angiography (FA) has played important roles in the investigation of patients with DR. Areas of capillary nonperfusion are clearly visualized, as is enlargement of the foveal avascular zone (FAZ). In addition, FA demonstrates active leakage from microaneurysms in DME and is also helpful in confirming leakage from suspicious areas of neovascularization. Conventional FAs typically cover 30-55° of the retina. While standard fundus cameras can be steered to image different parts of the retina, the various images are captured at different phases of the angiogram. As a result of the short transit time for fluorescein, important information may be lost.
In recent years, UWF imaging technology has been applied to FA [ Fig. 2 ]. The Optos 200 Tx [10] and California both perform UWF FA covering 200° of the posterior pole. By using a noncontact lens, widefield 102° FA images can be obtained from the Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany) device as well. [15] of nonperfusion in the peripheral retina. [16] [17] [18] In some cases, these areas of nonperfusion lie outside the region covered by conventional fundus cameras. In a study evaluating UWF FA on patients with DR, Wessel et al. reported that 3.9 times more nonperfusion, 1.9 times more area of NVE, and 10% more retinal pathology were seen on UWF FA compared to ETDRS 7-standard field photography. [17] This has led to attempts to quantify the amount of retinal nonperfusion.
Studies performing UWF FA on patients with DR and other retinal vascular diseases have demonstrated large areas
UWF images exhibit significant distortion of images at the periphery due to the translation of an image from a three-dimensional object (the eye) onto a flat, two-dimensional surface such as a monitor. Initially, there was no way to accurately quantify the areas of nonperfusion in anatomical units (e.g., mm 2 ). Instead, an ischemic index has been described to quantify the amount of retinal nonperfusion. [16, 17, 19] The ischemic index is calculated by expressing the number of pixels within regions of nonperfusion as a percentage of the total visible retina. Special stereographic projection software now exists to convert a raw UWF image to a stereographically projected image, so that actual areas of the lesion on the image can be expressed in anatomically correct units. [20] The extent of peripheral retinal nonperfusion for DR varies widely. In one study, the ischemic index ranged from 0% to 99%, with a mean of 47%. [16] The wide range of ischemic indices has also been reported among patients with retinal vein occlusion, where mean ischemic indices of 14.8% and 25% have been reported. [19, 21] Some authors have reported significant correlations between the presence of DME and peripheral retinal ischemia. [16, 17] It is believed that vascular endothelial growth factor (VEGF) production by the areas of the ischemic retina may result in vasodilation and weakening of the walls of the capillaries at the macula. This enhances the permeability of these vessels, and the resultant extravasation of both fluid and lipids results in macular edema. [16, 17] Wessel et al. reported that patients with retinal ischemia had 3.75-fold increased the risk of having DME compared to those without retinal ischemia (P < 0.02). [17] That study also found that more eyes with retinal nonperfusion had DME, compared to eyes without evidence of nonperfusion. However, the authors found no association between the amount of ischemia and macular thickening. The authors speculated that only a small amount of retinal ischemia may be required for DME to develop.
In another study by Patel et al., [16] 148 eyes were divided into four cohorts based on the severity of DR. The mean ischemic index among those with mild non-PDR (NPDR) (Cohort 1) was 0%, compared to 53% to 65% for those with PDR (Cohorts 3 and 4). In addition, eyes with more nonperfusion required more treatment with macular photocoagulation compared to those with smaller areas of nonperfusion. For example, eyes in Cohort 4 experienced a mean decrease of macular thickness of 7.2% compared to 25.2% for Cohort 1. The mean number of macular photocoagulation treatments required was 5.7 in Cohort 4, compared to only 2.3 for Cohort 1. In this study, 80% of eyes with recalcitrant DME showed evidence of untreated retinal nonperfusion.
Similar findings have been reported in studies of patients with retinal vein occlusion. In a prospective study of 32 patients, Singer et al. reported that the mean ischemic index was larger when macular edema was present compared to when it had resolved following treatment (14.8% vs. 10.3%, P < 0.001). [21] However, a paper by Sim et al., reported no significant relationship between the presence of either peripheral ischemia or peripheral leakage and DME. [22] The extent of peripheral retinal nonperfusion correlates in some eyes with the size of the FAZ. [22] There are, however, patients with extensive peripheral ischemia but relatively preserved FAZ, and the reasons for the disparity in ischemia centrally and peripherally remain unclear.
The findings of these earlier studies have prompted ophthalmologists to consider new approaches to the treatment of DME. Scatter panretinal photocoagulation is known to reduce the risk of retinal and iris neovascularization. [23] In addition, as a result of the finding that the presence of peripheral ischemia is associated with the occurrence of DME, some ophthalmologists have suggested selective treatment of areas of retinal nonperfusion with laser photocoagulation, a technique of targeted retinal photocoagulation. It is believed that selective treatment of these areas may reduce VEGF production, which would result in the amount of macular edema. Prospective, randomized studies, however, are required to determine if such targeted approaches for the treatment of DME are effective.
Target retinal photocoagulation has also been tried in some patients, [24] [25] [26] for the treatment of retinal neovascularization and PDR. [24, 25] In a series of 28 eyes with treatment-naive PDR, Muqit et al. applied target retinal photocoagulation to areas of peripheral ischemia, which was guided by UWF FA images. [24] The authors reported regression of PDR in 76% of cases at 12 weeks. At 24 weeks, complete regression was seen in 37%, while partial regression occurred in an additional 33%. No patient required retreatment at 4 weeks, and only 37% required repeat laser photocoagulation at 12 weeks. In addition, there were significant reductions in central retinal thickness (12 µm over 24 weeks), and improvement of visual acuity (VA) (mean gain of 3 letters at 12 weeks, P < 0.0001). Similar successes have been reported among patients with retinal vein occlusion. [27] Randomized clinical trials, however, are still lacking.
The presence of retinal neovascularization and retinal nonperfusion also increases the risk of recurrent vitreous hemorrhage. In a series of 46 eyes treated with vitrectomy for vitreous hemorrhage secondary to PDR, Kim et al., [28] compared eyes with recurrent vitreous hemorrhage against those that did not develop recurrent hemorrhage. Using UWF FA, eyes with recurrent vitreous hemorrhage manifested with increased frequency of peripheral nonperfusion (81.8% vs. 37.5%, P = 0.002), peripheral retinal neovascularization (defined as focal leakage beyond the temporal vascular arcade) (40.9% vs. 8.3%, P = 0.01) and late peripheral vessel leakage (defined as late venous or arterial hyperfluorescence peripheral to the temporal arcades and nasal periphery) (90.9% vs. 29.2%, P < 0.001). In this series, patients who were treated with additional retinal photocoagulation and anti-VEGF injections had fewer further recurrences of vitreous hemorrhage compared to those treated with vitrectomy alone.
Fundus Autofluorescence Imaging
Fundus autofluorescence (FAF) imaging is a noninvasive modality that has been used in the investigation of various retinal diseases. [29] [30] [31] [32] [33] [34] [35] Short-wavelength FAF derives its signal mainly from lipofuscin in the retinal pigment epithelial (RPE). Near-infrared (NIR) FAF, on the other hand, derives its signal from melanin, which is found in both the RPE and choroid. Melanin accumulates in the apical parts of the RPE cells and is thought to be protective of the RPE. [36] The majority of studies have been performed using short-wavelength FAF and have reported increased autofluorescence in patients with DME. [29] [30] [31] [32] Some authors have described various patterns of FAF, such as a single cyst of increased FAF, multicystic FAF or combined single and multicystic FAF, [29] or normal, increased FAF, single-spot increased FAF and multi-spot increased FAF [ Fig. 3 ]. [30] In a series of 151 eyes with untreated clinically significant macular edema, cystoid patterns on OCT and FA were correlated with the presence of increased FAF. In addition, the retinal sensitivity of the central subfield was decreased in eyes with single-spot FAF and multi-spot FAF, compared to eyes with normal FAF (P < 0.05). [30] In another study of 61 patients with DME, a higher level of FAF was associated with worsening VA, and an increase in the central macular thickness on OCT. [31] The level of FAF was higher among patients with decreased vision during follow-up visits compared to those with improved or unchanged vision.
In a study performed using NIR-FAF, [36] Yoshitake studied 121 consecutive eyes with center-involving DME. In healthy eyes, the autofluorescence signals were almost absent at the optic disc and gradually increased centrifucally with a peak at the fovea. Two patterns were described -a mosaic pattern, consisting of granular or patchy hyper-and hypo-autofluorescence at the fovea, and cystoids, where the cystoids spaces were outlined. Both the mosaic and cystoid patterns were associated with worse VA and thicker central subfield on OCT. In addition, eyes with foveal serous retinal detachments had lower levels of relative autofluorescence than those without serous fluid.
Optical Coherence Tomography
OCT now plays a vital role in the diagnosis and management of retinal diseases. By producing detailed cross-sectional images of the retina, ophthalmologists can visualize changes in the anatomy caused by DME and monitor the response to treatment [ Fig. 4 ]. Studies have shown a moderate correlation between retinal thicknesses and VA. Several morphologic patterns of DME have been observed [ Fig. 4a ], including diffuse retinal thickening, cystoids macular edema, serous retinal detachment, and vitreofoveal traction, which correlate with the severity of visual impairment and retinal thickness. [37] Several, such as the presence of cystoids macular edema, [38] or the loss of the external limiting membrane, have been reported to carry a worse prognosis for visual recovery.
Recent advances have also enabled the visualization of the choroid beneath the RPE [Fig. 4b ], and studies have suggested that choroidal thickness may be of prognostic significance in various retinal diseases. [39] [40] [41] [42] In DR and DME, the evidence thus far has been conflicting, with some suggesting thickening of the choroids, while others report that the choroid is thinner in diabetic eye disease. [43] [44] [45] 
Optical Coherence Tomography Angiography
OCT angiography (OCTA) is a new technology where rapid scanning by newer spectral domain or swept source OCT (SS-OCT) devices allows analysis of variation of reflectivity and phase shift from blood vessels in the retina, allowing construction of microvascular flow maps. This technology enables clinicians to visualize the microvasculature of the retina and choroid without the need for an intravenous injection of fluorescein [ Fig. 5 ].
Several studies using OCTA in patients with diabetes have reported areas with absent or sparse capillaries which correlate with regions of nonperfusion seen on FA. [46, 47] In some eyes, areas of capillary loss which were obscured by leakage on FA were more clearly defined using OCTA. [47] Diabetic eyes were also found to have loss of integrity of the vascular arcades and enlargement of the FAZ. [47, 48] In one report, the mean horizontal FAZ diameter was significantly larger in eyes with DR compared to healthy controls (753 µm vs. 573 µm in the superficial layer; 1009 µm vs. 659 µm in the deep layer). [48] Areas of neovascularization at the optic disc are also clearly visualized on OCTA, and microaneurysms may appear as focally dilated saccular or fusiform capillaries on OCTA of both the superficial and deep capillary plexus. [46] The sensitivity and specificity of OCTA for identifying all of the vascular lesions in DR has yet to be defined in large studies. For example, microaneurysms or other vessel abnormalities that feature slower or faster flow than the dynamic range of the OCTA instrument may go undetected.
Role of Swept Source Optical Coherence Tomography
While spectral domain OCT can readily visualize the various features of DR and DME, the increased scanning speed and a larger range of SS-OCT may be useful in assessing eyes with DR and DME. SS-OCT has been used to visualize a thick posterior hyaloids among eyes with diabetes compared to normal controls (0% of eyes without retinopathy, 19% of eyes with NPDR, 55% of eyes with PDR and 41% of eyes with DME). [49] There were also differences in the rates of vitreoschisis among nondiabetic eyes (27%) compared to 45% of diabetic eyes with no retinopathy, 48% of eyes with NPDR, 65% of eyes with PDR and 63% of eyes with DME. [49] SS-OCT also detected adhesions or pegs between the retina and detached posterior hyaloid in eyes with DR and DME, while this was not observed in eyes without diabetic eye disease.
Intraoperative Optical Coherence Tomography
Imaging using OCT also has the potential to influence the surgical management of complications related to DR. Performing intraoperative OCT in the operating room during the course of the surgery may provide additional information on retinal architecture that was unavailable during the preoperative scan due to media opacity. The Prospective Intraoperative and Perioperative Ophthalmic Imaging with Optical Coherence Tomography study evaluated the feasibility, utility, and safety of using intraoperative OCT during various vitreoretinal surgeries. [50] Among patients that underwent pars plana vitrectomy for dense vitreous hemorrhage secondary to PDR, intraoperative OCT revealed a variety of retinal pathologies including epiretinal membranes (60.9%), macular edema (60.9%), posterior hyaloids traction (4.3%) and retinal detachment (4.3%). [51] The surgeons reported that the findings from intraoperative OCT did influence their surgical decision making, especially when membrane peeling was performed. In addition, the presence of macular edema detected using intraoperative OCT may influence the decision to treat with anti-VEGF drugs during or soon after the surgery.
Functional Optical Coherence Tomography
Functional OCT allows noninvasive physiological assessment of retinal tissue, such as its metabolism. [52, 53] A transient intrinsic optical signal (IOS) has been observed in retinal photoreceptors. Changes in retinal function, which occurs in various disease including DR, may manifest as differences in IOS detected using functional OCT.
Role of Imaging in Treatment of Diabetic Macular Edema
The standards for the diagnosis and classification of DME were established by the ETDRS, which was based on stereoscopic fundus biomicroscopy by experienced examiners. Despite being highly specific and sensitive, without additional imaging, this provided only limited information.
Imaging such as FA is useful in identifying leakage and ischemia in DME and hence brought new means to predict the onset and progression of DME. [54, 55] However, FA was invasive and had risks of serious side effects such as allergies and anaphylaxis.
OCT introduced new methods for early detection of DME, monitoring disease progression as well as treatment response. With better resolution, differentiation of different retinal layers and more visualization of structural changes characteristic of DME were identified. In addition, retinal thickness, central macular thickness, and macular volume can be quantified and followed up over time. OCT provides a highly reproducible method to evaluate DME and assessing treatment response. [56, 57] Currently, OCT imaging has been used as a standard imaging tool in many clinical trials such as the RESOLVE [58] study and PACORES [59] group for evaluating the effect of anti-VEGF in DME. 
Role of Imaging in Predicting Outcomes in Diabetic Macular Edema
Though a major limitation of OCT is its inability to test retinal function and provide information on ischemia, some studies have showed that there is a moderate correlation between best-corrected VA (BCVA) and OCT parameters. [56] In a study to investigate the relationship between VA and central retinal thickness, the DR Clinical Research Network [60] documented a modest correlation between the BCVA and the OCT-measured central point thickness and central retinal thickness after focal laser photocoagulation. In addition, for any given amount of retinal edema, the VA was variable and not predictable. Hence, their results showed that although OCT parameters were an important clinical tool in DME evaluation, it is not a reliable surrogate to VA in assessing clinical outcomes.
Conclusion
DR and DME account for significant morbidity and visual loss throughout the world. The application of advanced retinal imaging will help to enhance our understanding of the disease progression and risk factors, and allow ophthalmologists to optimize the management of patients with diabetic eye disease.
